A joint theoretical-experimental study has been carried out for Sc-doped ZnO (SZO), one of the lesserstudied n-type transparent conducting oxide materials. Density functional theory has been used to create a computational model of SZO, in order to provide a theoretical basis for experimentallyobserved phenomena where growth conditions, dopability and electronic properties are concerned. 
Transparent conducting n-type ZnO:Sc -synthesis, optoelectronic properties and theoretical insight † Sebastian C. Dixon A joint theoretical-experimental study has been carried out for Sc-doped ZnO (SZO), one of the lesserstudied n-type transparent conducting oxide materials. Density functional theory has been used to create a computational model of SZO, in order to provide a theoretical basis for experimentallyobserved phenomena where growth conditions, dopability and electronic properties are concerned.
Meanwhile a range of thin films of SZO have been synthesised via chemical vapour deposition in an attempt to (i) observe experimentally the theoretically predicted properties, thereby providing mutual validation of the studies; (ii) seek the optimum dopant quantity for minimal electrical resistivity, and;
(iii) demonstrate that transparent and electrically conductive SZO can be synthesised by chemical vapour deposition means. The films exhibit resistivities as low as r = 1.2 Â 10 À3 O cm, with carrier density n = 7.2 Â 10 20 cm À3 and charge carrier mobility m = 7.5 cm 2 V À1 s
À1
. Low resistivity of the films was retained after 12 months in storage under ambient conditions, indicating strong atmospheric stability.
The films exhibit a high degree of transparency with 88% transmission in the visible range (400-750 nm).
A correction to the Tauc method was applied to estimate band gaps of E 
Introduction
Transparent conducting oxide (TCO) thin films are widely adopted in optoelectronic devices as transparent electrodes. The unique properties of these indispensable materials are unusual by traditional principles; the wide band gap required for optical transparency (E g 4 3.1 eV) which separates the valence band (VB) from the conduction band (CB) leads to highly resistive semiconductor behaviour in pure stoichiometric ZnO, due to the low probability of electron excitation across this threshold. However, doping of the material offers a solution to this dilemma; extrinsic doping by artificial introduction of substitutional impurities such as Al(III) 1 or Ga(III) 2 on Zn(II) crystallographic sites results in an effective local excess of electrons at the defect sites. This produces an electron donor level close to the CB minimum (CBM), which facilitates donation of electrons into the CB to confer electrical conductivity to the material whilst the wide optical band gap is retained. In this way, it is possible to synthesise transparent and conducting inorganic materials such as ZnO:(Al, 1 Ga, 2 F, 3 
) and SnO 2 :F 5 by extrinsic doping of the semiconductor. 6 The most widely used TCO material is In 2 O 3 :Sn (ITO), which is a high-performance material demonstrating high optical transmission in the visible (490% at 550 nm) and low electrical resistivities (r = 10 À4 À 10 À5 O cm). 7 However, due to its low natural abundance and localised geological distribution, the commercial supply of indium is expensive and in a perpetual state of risk, which is problematic for various reasons. 8 As such, it has naturally become desirable to seek an alternative to ITO as a commercial TCO, which is evident from the amount of research dedicated to this end in recent years.
Computational modelling of potential TCO systems has become an important and indispensable method for their high-throughput screening, 9 often working side-by-side with experimental synthesis work to quickly seek ideal doping scenarios and provide a more complete picture of the origin of observable physical properties. 10 While Al-doped and Ga-doped ZnO have received much attention as extrinsically n-type doped ZnO systems in recent years, reports on other trivalent dopants are reported considerably less often. In particular, Sc-doped ZnO (SZO) has shown promise as an alternative TCO material with low resistivity and high visible transmittance, 4,11 however with relatively few deposition studies having been carried out and still fewer theoretical studies developing an understanding of this material. Development of a computational model to describe the behaviour of Sc doping a Materials Chemistry Centre, Department of Chemistry, University College London, in ZnO is crucial to achieving this. The present work represents the first such instance, in which density functional theory has been applied to construct a theoretical model of the doping behaviour of Sc in ZnO. The theoretical model is developed alongside a strongly correlated experimental synthesis of ZnO:Sc via aerosol-assisted chemical vapour deposition. Chemical vapour deposition (CVD) is a commonly adopted means by which to achieve deposition of TCO thin films, which is performed by delivery of a well-mixed vapour containing precursors of the host and dopant oxides to the heated substrate, whereupon thermal decomposition occurs to yield the desired material from the vapour. Traditional CVD, usually referred to as thermal, metal-organic or atmospheric-pressure CVD (APCVD), generates these vapours from thermal heating of volatile precursors such as diethyl zinc 3 with an oxygen source such as ethanol and a dopant source such as trifluoroethanol (in the case of F-doped ZnO deposition). 3 However, in order for this technique to be effective there is a fundamental requirement that the (often liquid) precursor has an appreciable vapour pressure, which, aside from restricting the scope of precursor selection for a given target material, also naturally leads to precursors with inherent hazards such as flammability, pyrophoricity, explosivity, corrosivity and respiratory and environmental toxicity. This leads to obvious complications regarding their transport, storage, usage and disposal. 12 Such considerations have given rise to a more versatile method of CVD in recent years known as aerosol-assisted CVD (AACVD), in which a solution of the precursor is aerosolised in order to generate the vapour. 13 This alternative enables use of a much more diverse range of potential precursors, whose only requirements are: (a) that the precursor decomposes below the set deposition temperature to yield the desired material, and (b) that the precursor is soluble in a suitable solvent (e.g. methanol, chloroform, toluene).
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As such, a popular choice for AACVD precursor selection is an inorganic or organic salt of the desired element such as indium chloride or zinc acetate (in the case of ZnO:In films), 14 which is often cheap, readily available and usually comes with fewer significant associated physical hazards compared to its volatile liquid counterpart. In addition to this, AACVD permits 'one-pot' depositions, where precursors with similar solubility can be dissolved in a common solvent and deposited together from a single precursor flask. Such a method is ideal for doping studies, where it is desirable to produce a well-mixed vapour with a highly controllable chemical composition. As such, it is the method of choice in the present study for Sc-doping of ZnO. The precursor solution was transferred to a glass AACVD bubbler for deposition. Silica barrier glass substrates were cleaned prior to deposition with detergent, isopropyl alcohol and acetone, whereupon they were positioned atop a graphite block within the cold-walled horizontal-bed reactor chamber. The graphite block contained a Whatman cartridge heater regulated by a Pt-Rh thermocouple. A sheet of stainless steel (45 Â 150 mm) was supported at a height of 8 mm above the substrate to assist with laminar flow of the precursor aerosol over the substrate. This arrangement was enclosed by a quartz tube. Polytetrafluoroethylene tubing (PTFE, 8 mm internal diameter) served to deliver the aerosol from the precursor vessel to a brass baffle manifold which homogenised the flow of aerosol into the attached reaction chamber. Nitrogen carrier gas was passed throughout, arriving first at the precursor vessel then travelling along the tubing, through the baffle and into the reactor chamber between the glass and copper plates, then at last out of the far exhaust. The nitrogen was allowed to flow in this way for ca. 10 min prior to aerosolisation of the precursor in order to allow for equilibration of the deposition environment. The reaction chamber was heated at a rate of 15 1C min
Methodology

À1
to its target temperature of 600 1C, at which point aerosolisation of the precursor was commenced using a Johnson Matthey Liquifog s piezoelectric ultrasonic humidifier approximately half-filled with deionised water. The carrier gas transported the aerosol at a fixed rate of 2.0 L min
. The deposition process was allowed to proceed in this manner until all of the precursor solution had been aerosolised, at which point the humidifier and heating elements were shut off and the substrate allowed to cool under continual flow of nitrogen. Once the reactor had reached below 100 1C, the samples were removed from the reactor and handled in air.
Characterisation details
X-ray diffractometry was conducted at glancing angle (y = 0.81) in air using a Bruker D8 Discover diffractometer in the range 2y = 10-661 with monochromatic Cu K a1 and K a2 radiation (1.54056 and 1.54439 Å respectively) under voltage 40 kV and current 40 mA. X-ray photoelectron spectroscopy was conducted using a Thermo Scientific K-alpha spectrometer with monochromated Al K a radiation (1486.68 eV), a dual-beam charge compensation system and a constant pass energy of 50 eV with spot size 400 mm. Survey scans were collected for the binding energy range 0-1200 eV. Data was calibrated against C 1s (284.5 eV) and fitted using CASA XPS software. UV-visible spectra were taken using a Perkin Elmer Lambda 950 UV/Vis/NIR Spectrophotometer in transmission mode. A Labsphere reflectance standard was used as a reference. Scanning electron microscopy was conducted on a JEOL 6700F SEM using an acceleration voltage of 20 kV, with an attached Oxford Instruments INCA Energy EDXA system operated at 15 kV. Hall effect measurements were taken using the Van der Pauw four-point probe configuration at room temperature to measure the resistivity of the films, their free charge carrier concentrations and mobilities. Measurements were performed using an Ecopia HMS-3000 instrument with a 0.58 T permanent magnet and a current of 1 mA, using square-cut coupons (ca. 1 Â 1 cm) of the deposited films. Silver paint obtained from Agar Scientific was used at each of the four corners on the films to enhance Ohmic contact between the Au electrodes and the film. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were performed under helium using a Netzsch STA 449 C Jupiter Thermo-microbalance in an open aluminium oxide crucible.
Computational methodology
All density functional theory (DFT) calculations were carried out using the Vienna ab initio simulation package (VASP). [15] [16] [17] [18] Within this code a plane-wave basis set is used to describe the valence electronic states and the projector-augmented wave (PAW) 19 method which maps the core electrons (treated with pseudopotentials) onto the valence electrons (treated explicitly) for computational efficiency, giving results akin to an all electron method. ZnO crystallises in the wurtzite crystal structure (P6 3 mc). In order to counteract the self-interaction error (SIE) and thus band gap errors typical to standard DFT functionals, the hybrid functional Heyd-Scuzeria-Ernzerhoff (HSE) 20 was employed for all calculations. Hybrid functionals improve on standard functionals in improving geometric and electronic structure compared to experiment. Standard DFT functionals such as generalised gradient approximation (GGA) or local density approximation (LDA) fall short in their description of the self-interaction error which typically leads to underestimated band gaps, this is known to affect the defect thermodynamics. [42] [43] [44] The HSE06 approach adds 25% of HF exchange (a = 0.25) however HSE with 37.5% exchange has been reported to yield geometric and electronic structures in good agreement with experiment.
30,45
The lattice parameters (a, b, c), enthalpy of formation (DH f ) and band gap (E dir g ) for bulk ZnO compared to experiment and other DFT studies are shown in Table 1 . It is clear that using HSE with 37.5% HF exchange gives structural, electronic and thermodynamic results closest to experimental low temperature studies. [45] [46] [47] [48] The direct fundamental band gap (E dir g ) calculated in this work matches to within 1.5% of the experimentally defined band gap for ZnO, similar to the study carried out by Oba et al. 30 which also used 37.5% HF exchange. The enthalpy of formation (DH f ) also matches the experimental value to within 10% despite the calculations being carried out at the athermal limit (T = 0 K). In order to simulate the effect of intrinsic defects and extrinsic dopants in ZnO, a 3 Â 3 Â 2 supercell containing 72 atoms was created. Each calculation was spin polarised and the ions were relaxed using an energy cutoff of 450 eV and a 2 Â 2 Â 2 G-centred k-point mesh. When the forces on all the atoms were less than 0.01 eV, the system was deemed to be converged.
2.4.1. Defect formalism. The formation energies of each defect in charge state q was defined as per eqn (1) . Where E D,q is the energy of the defective supercell in charge state q and E H is the energy of the host supercell. E i and m i refer to the elemental reference energies (Zn (s) , O 2(g) and Sc (s) ) and the associated chemical potential respectively. n refers to the number of electrons either added to or taken away from an external reservoir. 50 The
Fermi energy ranges from the valence band maximum (VBM) to the conduction band minimum (CBM) and e H VBM corresponds to the eigenvalue of the VBM in the host supercell. Finally, E corr [q] allows for corrections due to 'finite size effects', this is usually split into three corrections; (i) the potential alignment which aligns the VBM of the host supercell and the VBM of the defective supercell, (ii) an image charge correction which accounts for the interaction with the charged defect and its periodic images due to the long ranged nature of the Coulomb interaction. 51, 52 The correction scheme used for this takes into account the dielectric tensor in a method laid out by Murphy et al. 53 Lastly (iii) a band filling correction is applied to account for the high defect concentrations present in supercells in a formalism defined by Lany and Zunger.
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2.4.2. Thermodynamic limits. The equilibrium growth conditions are reflected in the chemical potentials, m i which, when varied, can simulate the experimental partial pressures defining the conditions of n and p-type defect formation. This is done within the constraint of the calculated enthalpy of the host, as per eqn (2) .
The Zn-rich/O-poor conditions (which typically favour the formation of n-type defects) are determined by the formation of parameters (a, b, c) , enthalpy of formation (DH f ) and band gap (E dir g ) for bulk ZnO, as calculated in the present work and compared with other DFT and experimental work 55 Therefore, under Zn-poor/O-rich conditions and O-poor/Zn-rich conditions the Sc chemical potentials can be calculated to be Dm Sc = À9.75 eV and Dm Sc = À4.87 eV respectively. It should be noted that the uppermost dopant quantity used in this study represents the miscibility limit of the aqueous Sc precursor with the methanolic Zn precursor in the one-pot precursor vial, rather than the chemical solubility limit described here.
The thermodynamic transition (ionisation) levels of a given defect illustrate the Fermi level position at which that defect changes from charge state q to q 0 , which is calculated as per eqn (4). These transition levels are shown in Fig. 3 . These ionisation levels are experimentally important as they can be observed using techniques such as deep level transient spectroscopy (DLTS).
3. Results and discussion
Computational study
The density of states (DOS) and band structure for bulk ZnO are shown in Fig. 1 There is also a large CBM to CBM + 1 intraband spacing (ca. 4 eV) present allowing for the accommodation of extra charge carriers whilst retaining the high optical transparency. Fig. 3 shows defect formation energies within Sc-doped ZnO as a function of Fermi energy position under (a) Zn-rich/O-poor and (b) Zn-poor/O-rich conditions. Under typical n-type conditions (Zn-rich/O-poor), the formation energies of positively charged defects should be lower in energy than those of negatively charged defects. Under these conditions the dominant intrinsic donor defect is V O at Fermi energies just below the CBM which acts as a deep donor (i.e. the 2+/0 transition level occurs ca. 1.15 eV below the CBM) which is consistent with experimental and theoretical studies alike, 30, 32, 49, [59] [60] [61] [62] [63] [64] meaning that V O does not contribute to the conductivity of ZnO. This type of ''negative U'' type behaviour of V O in wide band gap TCOs is well known. 21 The high conductivity of ''undoped'' ZnO has since been attributed to the presence of unintentional hydrogen doping from synthesis forming a shallow donor state below the CBM at formation energies as low as V O and has been confirmed experimentally using muon spectroscopy. 30, 65, 66 However, the Sc Zn defect appears to possess a somewhat significant formation energy (ca. 1.55 eV at the CBM) while acting as a resonant donor, injecting its excess electron directly into the conduction band. Importantly, this defect does not seem to be compensated for by any intrinsic acceptor defects until well above the CBM under these growth conditions. From this it is expected that incorporation of a high concentration of Sc would be quite difficult under equilibrium conditions, indicating that nonequilibrium growth techniques such as molecular beam epitaxy (MBE) or sputtering could be sensible methods to achieve a higher level of doping. The V Zn intrinsic defect states are very Fig. 1 The calculated density of states (DOS) for ZnO shown with an expanded view of the conduction band minimum (CBM) inset. The VBM is centred at 0 eV. Fig. 2 The calculated band structure for bulk ZnO, calculated using the HSE hybrid functional with 37.5% HF exchange. The valence bands are indicated in blue and the conduction bands in orange. The valence band maximum is set to 0 eV. high in energy and as such concentrations of this defect will be negligible under these conditions (the formation energy of the neutral charge state is ca. 6.97 eV which compares well with the hybrid DFT work carried out by Oba et al. 30 and with LDA work by Van de Walle and coworkers 49 ). Sc int also acts as a shallow donor, however under Zn-rich/O-poor conditions we can see it has a particularly high formation energy. Therefore, Sc will be incorporated preferentially on the Zn site, such that occurrence of Sc int is unlikely in the AACVD samples prepared here. Fig. 3(b) displays the Zn-poor/O-rich conditions favouring the growth of acceptor defects and has the effect of pushing the donor defects (V O , Sc Zn and Sc int ) higher in energy. Here, the formation energy of the neutral charge state of V Zn is reduced and is shown to be a deep acceptor with the 0/1-transition level appearing at ca. 1.5 eV above the VBM, at a relatively high formation energy of ca. 3.7 eV. The 1-/2-transition state level occurs ca. 1.8 eV above the VBM with a formation energy of ca. 3.3 eV. These results are in contrast to the transition levels calculated in other theoretical works which shows the 0/1-and 1-/2-levels to occur ca. 0.8 eV and ca. 2.5 eV above the VBM respectively with formation energies of ca. 4 eV and ca. 2 eV. 30, 40, 49, 60 Our calculations propose that the 0/1-transition level is 0.7 eV deeper than previously thought whereas the 1-/2-level is in fact shallower by ca. 0.7 eV. One plausible reason for the deeper acceptor levels in our calculations is due to the correct description of hole localisation on the neighbouring O atoms as shown in Fig. 4 ; (a) shows the localisation of two holes for the neutral charge state of V Zn , and (b) shows the removal of one hole to form the 1-charge state. This localisation is important for correct lattice relaxation and therefore affects the total energy of the system. 67 This reduces the neutral vacancy and 1-charge state pushing the transition state energies deeper into the band gap. The only work found where this hole localisation is addressed is in work by Clark et al., where calculations using a ''screened exchange'' functional show a small localisation on the 1-charge state, however this localisation is small and which will not change the thermodynamic picture much from previous works. 40 Under Zn-poor/O-rich conditions, Sc Zn is the dominant donor defect close to the CBM but is fully compensated for by V Zn , thereby pinning the Fermi level ca. 0.9 eV below the CBM; as such, under these conditions no favourable scandium doping will be achieved. Thus, it is clear that Sc-doped ZnO samples grown close to the limit of O-rich conditions will be insulating, and some degree of O-poor conditions are necessary to achieve efficient n-type conductivity.
Synthesis and characterisation
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were carried out under helium on the [Sc(OAc) 3 ] precursor in order to observe its response to the temperatures applied in the deposition. The TGA shown in Fig. 5 indicates that the [Sc(OAc) 3 ] begins to decompose towards Sc 2 O 3 at around 300 1C, with the transition largely complete by around 380 1C. DSC indicates that this decomposition is sharply endothermic, and seems to feature an overlapping between a peak at 340 1C and a stronger peak at 360 1C, while a weaker endothermic feature is also apparent at 500-600 1C. While a previous study of the thermal decomposition of [Sc(OAc) 3 ] is difficult to find, the thermal decomposition of rare earth metal acetates ([Ln(OAc) 3 ]) is well-documented. 68 A similar result has also previously been observed in the thermal decomposition of scandium formate ([Sc(HCO 2 ) 3 ]), which also followed an endothermic decomposition pathway leading through an intermediate Sc 2 O 3 ÁCO 2 formed at 380 1C accompanied by an outgassing of CO 2 , followed by a more gradual outgassing of CO 2 at higher temperature. 69 As for the [Zn(OAc) 2 ] precursor, previous study has found that this decomposes in an exothermic reaction around 300 1C.
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Zinc oxide thin films incorporating a range of Sc dopant concentrations were deposited via AACVD from one-pot precursor solutions containing Zn(II) and Sc(III) acetates in a methanol-water solvent mixture. The films adhered strongly to the substrate, fully resisting removal by a steel scalpel and by Scotch s tape. Bottom-plate deposition occurred to yield the hexagonal wurtzite films which were visibly transparent and electrically conductive. The films were analysed for their elemental content via energy-dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS). In the XPS (local and survey scans shown in Fig. S1 in ESI †), the Sc 2p and Zn 2p environments were probed. The Zn 2p 3/2 peak occurred at 1021.3 eV at low doping levels, agreeing with the 1021.5 eV obtained for ZnO thin films deposited via AACVD in previous studies. 71 This blue-shifted slightly to 1021.4 eV for films with bulk Sc doping over 1 at% relative to Zn (as determined by EDX). Zn(II) and Sc(III) were revealed as being the only oxidation states present, with no occurrence of metallic Zn(0) or Sc(0). It should be noted that the apparent shoulder at 398 eV occurring adjacent to the Sc(III) peaks arises from the N 1s environment. The efficiency of dopant incorporation for the thin film fabrication was calculated to be 42 AE 6% (where 6% is the standard error), from the bulk Sc : Zn ratios for all films as obtained from EDX measurements, and the ratio of Sc and Zn precursors in the initial mixtures. It is unsurprising that the quantity of Sc going into the films is consistently lower than 'expected' from the precursor ratios, given that the Sc(OAc) 3 precursor decomposes at a higher temperature than Zn(OAc) 2 ; it ought to therefore be expected that at a given deposition temperature, the Zn precursor decomposes faster than the Sc precursor, such that the quantity of Sc being incorporated into the film is proportional, but not equivalent to, the ratio of Sc to Zn precursors in the aerosol. As such, this particular measurement is unique to this synthesis, i.e. in which acetates of Sc(III) and Zn(II) are combined in a one-pot water-methanol mixture and deposited under nitrogen onto a 600 1C barrier glass substrate, etc. The incorporation efficiency of 42 AE 6% therefore does not necessarily apply to other methods for Sc-doping of ZnO.
Elemental analysis also indicated a stronger presence of Sc at the surface than in the bulk, as evident in the XPS depth profile shown in Fig. 6 . It is likely that surface Sc(III) corresponds to both substitutional Sc Zn dopant environments and an amorphous secondary phase Sc 2 O 3 , which has been observed to nucleate at the ZnO grain boundaries in previous studies 72 and which our theoretical model indicates competes with substitutional Sc Zn as Sc loading increases (see Section 2.4.2). Such a nucleation results in a decrease in grain size with increasing dopant concentration due to competing growth processes, which was observed in the SEM (vide infra). X-ray diffraction measurements of the deposited films were made to obtain their crystallographic characteristics. The diffractograms are shown in Fig. 7 . The first thing to notice is that all films show a typical hexagonal wurtzite ZnO pattern, with c-axis preferential orientation along the (002) direction. 2 There is no apparent secondary crystalline phase, however this does not rule out the presence of small amounts of amorphous Sc 2 O 3 growing at the grain boundaries. There appears in Fig. 7 to be very little shifting of the (002) peak with increased Sc doping, suggestive of a lack of change in the unit cell parameter. This is to be expected, given that the close matching of the crystallographic radii of Sc 3+ and Zn
2+
(r Sc 3+ = 0.745 Å and r Zn 2+ = 0.740 Å) is likely to exert very little expansive strain in the lattice, 73 while similar observations have also been made in sol-gel derived ZnO:Sc films in previous study. 72 This is supported by the lack of any discernible shift of the E 2 phonon mode in the Raman arising from doping (see Fig. S3 , ESI †).
Crystallite sizes were estimated from the width of the (002) peak using Scherrer's formula (see eqn (S1) in ESI †). 74 A similar trend was observed in the Scherrer-calculated crystallite diameters with increasing Sc loading as seen in the grain sizes in the microscopy. The estimated crystallite diameters, as shown in Fig. 8 , decreased monotonically from around 41 nm for the undoped ZnO to around 34 nm for the film containing 1.77 at% Sc, correlating with a shrink in grain sizes visible from the microscopy (Fig. 9) . Crystallite diameters estimated using the Scherrer equation should generally be treated with caution, particularly when the values lie as closely as they do here (i.e. within a 7 nm range); however, we find that the agreement between XRD and microscopy helps to support this observation, as well as the 75% mean agreement of the values in the linear fit (the vertical error in Fig. 8 represents the standard deviation of the data points from a linear fit). Lattice parameters for the ZnO:Sc films were calculated using the standard equation for hexagonal lattices (see eqn (S2) in the ESI †). Since peak shift was insignificant in the doped films, there was little significant change in the calculated unit cell parameters, which in the undoped ZnO film were calculated using the (002) and (101) Scanning electron microscopy (SEM) of the films, shown in Fig. 9 , revealed a clear trend of decreasing grain diameter with increased Sc loading. Thicknesses of the films were measured from the side-on micrographs to be within the range 320-640 nm. From the pure ZnO micrograph it is apparent that the ZnO is growing in a platelet-like morphology, similar to that observed in ZnO:Al films grown via AACVD in previous study. 71 As Sc loading increases, this morphology is retained by the ZnO crystallites though there is the distinct appearance of a secondary phase forming at the fringes of the ZnO. As well as having been predicted by our model (see eqn (3)), previous studies suggest that this is probably the amorphous secondary phase Sc 2 O 3 , which grows in competition with the doped ZnO:Sc phase. 77 The competitive growth of this secondary phase is likely the cause for the reduction in ZnO:Sc grain and crystallite size. Hall effect measurements were carried out on the films to determine their electrical resistivities and their charge carrier densities and mobilities. It was found that 1.0 at% Sc:Zn in the film was the optimum doping level, exhibiting the lowest resistivity recorded at r = 1.2 Â 10 À3 O cm, in contrast to r = 1.3 Â 10 À1 O cm for the undoped ZnO film, which appears to be the lowest resistivity recorded for a ZnO:Sc film synthesised on glass via a conditions, demonstrating excellent atmospheric stability compared to the infamously unstable Al-doped ZnO. 78 The dramatic reduction in resistivity between undoped and Sc-doped ZnO was accompanied by an increase in the carrier density and mobility from n = 2. , respectively. Further doping effected a reverse of these properties, such that a slight increase in resistivity and reductions in the charge carrier densities and mobilities were observed (see Fig. 10 ). A similar pattern was previously observed in ZnO:Sc films deposited via magnetron sputtering.
11 This is a common pattern for extrinsic n-type doping of semiconductors. The carrier density pattern is typically attributed to a trade-off between the increasing number of charge carriers being introduced at low dopant levels, with a reduction in carrier density occurring beyond some critical doping point on account of an increasing concentration of compensating vacancy V Zn defects arising from their shrinking formation energy accompanied by a rising formation energy for Sc Zn , as supported by our calculations (see Fig. 3 ) and previous work. 32 In the case of mobility, the reduction occurs at higher doping levels due to an increase in the probability of propagating electrons being scattered at dopant sites and a shrinking crystallite size. The cause for the initial increase in mobility is unclear, though previous ZnO:Al doping study has noted an increase in the carrier mean free path at low dopant levels, in spite of a shrinking crystallite diameter relative to the undoped material. 79 The ionised impurity scattering is typically the dominant scattering mechanism at higher dopant levels (n = 10 It is also interesting to note that those nominally undoped ZnO films, deposited also via AACVD but from a diethyl zinc precursor as opposed to the zinc acetate precursor used here, exhibit low resistivities similar to those measured for Al-doped ZnO in the same study (r ZnO E r ZnO:Al = 2.2 Â 10 À3 O cm), 71 while undoped ZnO deposited here from zinc acetate has r = 1. (002) and (101) peaks. suggest that V O is a relatively deep donor (see Section 3.1) while Zn int has been shown to have a relatively high formation energy, 30 we consider that this effect is due to a difference in the degree of hydrogen doping of the ZnO by interstitial H int , a shallow donor which should therefore be the dominant donor defect in these films. 30, 65, 66 First-principles work by Oba et al.
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suggests that such defects are likewise preferentially formed under an oxygen-poor deposition environment, which helps to rationalise the trend that lower resistivities are observed in nominally undoped ZnO films deposited from the oxygen-poor diethyl zinc precursor ([Zn(CH 2 CH 3 ) 2 ]), 71 when compared with those obtained from the zinc acetate precursor ([Zn(OCOCH 3 ) 2 ]), which is richer in oxygen, in the present work. It should be noted that overall, we consider the deposition environment used in the present study to be largely oxygen-poor, having been carried out under inert gas with the only sources of oxygen for oxide formation being the molecular acetate precursors and in the solvents present. UV-visible transmission measurements of the doped ZnO:Sc samples are plotted in Fig. 11 . The films were visibly transparent and uncoloured. It is evident that an increased level of doping leads to a reduction in the transmittance of the films in the infrared, resulting in a minimum transmittance occurring in the near-infrared at 2500 nm in the ZnO:Sc film with the highest charge carrier density. This is a commonly observed phenomenon in n-type TCOs and is related to an increasing low-energy surface plasmon resonance (SPR) effect at high carrier densities, where increased charge carrier density is directly correlated with increased infrared reflectivity. 5 A further increase in Sc doping beyond the optimum level in the ZnO:Sc was observed in the Hall measurements to effect a reduction in the charge carrier density, which (as expected) is directly observed to reduce the infrared reflectivity. There is a high degree of transmission in the visible range (400-750 nm) in all films, with 88% visible transmission in the most electrically conductive sample and the highest visible transmission occurring in pure ZnO at 91%. The doping has the effect of marginally reducing the visible transmission, as expected according to the principle of free carrier absorption (FCA). Optical band gaps of thin film TCOs are often estimated using the Tauc method, in which a plot is constructed from optical absorption data near to the absorption edge of the material (here appearing around 380 nm). Where a is the optical absorption coefficient, h is Planck's constant and n is the incident photon frequency, for a direct band gap material such as ZnO a plot of (ahn) 2 vs. hn is drawn, such that the steepest gradient occurring along the absorption edge is linearly extrapolated to the x-intercept to find the film's optical band gap E opt g . 81 However, it is generally found that band gaps estimated using the Tauc method for degenerate polycrystalline semiconductors are underestimated when compared with band gaps found using other methods such as spectroscopic ellipsometry (SE). For instance, applying the uncorrected Tauc method here yields a band gap of E opt g = 3.28 eV for nominally undoped ZnO, which agrees with numerous previous experimental Tauc band gaps for undoped ZnO of E opt g = 3.27 AE 0.02 eV. 76, 82, 83 However, SE data suggests that ZnO thin films should have a band gap of E opt g = 3.37 eV. 84 In a recent discussion on this dilemma, Dolgonos et al. suggest that the issue arises from the fact that the Tauc method was originally developed for estimation of the band gap of amorphous Ge, a nondegenerate semiconductor. 85 Aside from the fact that assumptions regarding localisation of energy states in an amorphous material might not necessarily hold for a polycrystalline material (which instead contains far greater long-range order), accurate extraction of E g information from absorption data is further complicated by broadening of initial and final electron-hole pair states upon photon absorption arising from time-dependent perturbation theory effects. Dolgonos et al. argue that a broadening term G for this effect can be estimated from optical absorption data, such that the separation of the x-intercepts of tangents drawn from a and a 2 curves gives p 4 G, which can be added to the Taucestimated band gap to give a more accurate, corrected estimate for the band gap. 85 This correction was carried out on absorption data in the present work, in order to obtain more accurate band gap estimates for degenerate ZnO:Sc (see Fig. 12 ). Assuming a linear relationship between increased Sc content and optical band gap (coefficient of determination R 2 = 0.81), 86 at 0% Sc doping (i.e. for pure ZnO) this correction yields E opt g = 3.34 AE 0.03 eV, while the most electrically conductive ZnO:Sc sample at 1.02 at% bulk Sc:Zn has E opt g = 3.45 AE 0.03 eV (see Fig. 13 ). Such an observation would be consistent with the Moss-Burstein bandgap widening principle which attributes this effect to an increasing occupation of the lowest states of the CB with increased doping. 6 The same trend has been observed previously for ZnO:Sc thin films. 4 These estimates are significantly closer to the experimental values obtained from SE (3.37 eV for ZnO), 30 while we acknowledge that error in the corrected Tauc method is still inherent due to the necessary extrapolation step. Aside from this, variation in calculated ZnO band gaps arises between studies from effects such as varying degrees of crystallinity and degeneracy in nominally undoped ZnO films due to intrinsic n-type doping.
Conclusions
A computational model for Sc doping of ZnO has been constructed using hybrid density functional theory calculations alongside a synthetic experimental study of ZnO:Sc thin films. Strong correlation between the theoretical and experimental results has offered an insight into the defect landscape of Sc-doped ZnO and helped to rationalise the trends observed in the Hall effect measurements, while showing that substitutional Sc (Sc Zn ) acts as a shallow donor in ZnO and indicating that oxygen-poor deposition conditions are necessary for achieving efficient n-type doping. Transparent and n-type conducting Sc-doped ZnO thin films were successfully deposited via a one-pot aerosol-assisted chemical vapour deposition onto silica barrier glass substrates. It can therefore be concluded that the deposition under nitrogen from acetates of Zn(II) and Sc(III) provides sufficiently O-poor growth conditions for efficient Sc Zn donor doping. Future experimental work might seek to explore the ZnO:Sc growth environment further by tweaking the balance of Zn and O abundance during film growth. A range of films containing various Sc quantities were synthesised in order to demonstrate growth behaviours and optimal deposition conditions. All syntheses were carried out in a single-step deposition from an alcoholic solution of the organometallic salt precursors, using a range of Sc:Zn precursor ratios between 0.0 and 4.0 mol%. Optimal electrical properties were obtained in the film containing 1.0 at% bulk Sc relative to Zn; this film exhibited the lowest resistivity at r = 1.2 Â 10 À3 O cm, in contrast to r = 1.3 Â 10 À1 O cm for the undoped ZnO film. This appears to be the lowest resistivity recorded for a ZnO:Sc film on glass via a chemical deposition route, and indeed the only reported instance of electrically conductive ZnO:Sc having been deposited via chemical vapour deposition. That same film also had carrier density n = 7.2 Â 10 20 cm À3 and electron mobility m = 7.5 cm 2 V À1 s
À1
, and was highly transparent in the visible with 88% transmission (400-750 nm). Storage of the sample for 12 months under ambient conditions effected only a slight increase of resistivity, to r = 2.0 Â 10 À3 O cm, suggesting excellent atmospheric stability. Increased Sc doping led to reduced ZnO grain and crystallite sizes and widened band gaps, with E opt g = 3.45 AE 0.03 eV in the most conductive sample and E opt g = 3.34 AE 0.03 eV in nominally undoped ZnO, as estimated using a corrected Tauc method. No observable shift in unit cell dimensions occurred with doping, as attributed to the close matching of the Sc(III) and Zn(II) ionic radii. In summary, in spite of having thus far received relatively little attention in the materials research community, Sc-doped ZnO has been shown to be a highly promising transparent conducting oxide warranting further investigation, for which it is hoped that this paper will serve as a useful reference.
